T here is increasing evidence for an association of shortterm exposure to particulate matter (PM) with elevated risk of cardiovascular disease, including stroke. [1] [2] [3] Stroke is listed as the second leading cause of death in the Global Burden of Disease 2010, and the incidence of stroke is increasing, particularly in low-and middle-income countries, which account for two-thirds of all strokes. 4, 5 To enhance primary prevention efforts, the relationship of PM with stroke requires further investigation given the high stroke burden in terms of mortality and disability worldwide. Previous reports examining the effect of PM on stroke have shown inconsistent results. 1, [6] [7] [8] Moreover, toxicological studies suggest that fine particles may be more harmful to the circulation system than coarse particles. 9 Indeed, coarse particles are mostly deposited in the upper respiratory tract, whereas fine particles can be inhaled deep into the lung and translocated via the circulation to other organs. 10, 11 However, only limited epidemiological studies have examined the relationship between stroke and PM of different particle sizes. 1, 12, 13 Regarding the various subtypes of stroke, most prior reports have focused on cerebrovascular disease or ischemic stroke, while a few studies have examined ischemic and hemorrhagic stroke separately but reported inconsistent results. 12, 14, 15 Further, some studies reported that the risk of stroke associated with air pollution differed by ambient temperature or season, although there are contrasting findings. [16] [17] [18] [19] Additionalr studies are therefore required to improve our understanding of the biological mechanism of the association and develop specific interventions for specific groups and days. The aims of this study were to examine the association of PM with stroke admissions in Beijing, China, during 2013-2014 and to determine whether the association differed across particle size, stroke subtype, patient characteristics, and ambient temperature, by using a time-stratified casecrossover design.
Methods Data Collection
The air pollution data, including PM that is ≤2.5 lm in diameter (PM 2.5 ), PM that is ≤10 lm in diameter (PM 10 ), carbon monoxide (CO), and nitrogen dioxide (NO 2 ), were obtained from the Centre of City Environmental Protection Monitoring Website Platform (www.bjmemc.com.cn) from January 1, 2013, through December 31, 2014, in Beijing. There were 35 monitoring stations located in 16 districts of Beijing. PM in the size range of >2.5 to ≤10 lm in diameter (PM 2.5-10 ) was not measured directly. We estimated PM 2.5-10 concentrations by subtracting PM 2.5 from PM 10 at collocated monitoring stations. 20 The daily mean concentration of air pollutants for each district was calculated by averaging the concentrations of all stations in that district. Meteorological data, including daily mean temperature (°C) and relative humidity (%) in the 16 districts, were obtained from the Chinese Meteorological Bureau over the same period. Daily data for stroke admissions from January 1, 2013, through December 31, 2014, were obtained from the medical record database for cardiovascular and cerebrovascular disease in Beijing. The database contained 63 hospitals, with the capability to diagnose and treat cardiovascular and cerebrovascular disease in Beijing. The medical record database included the information of age, sex, date of hospital admission, and address of residence. The diagnosis of disease was coded using the International Classification of Diseases, 10th Revision (ICD-10). Hospital admissions because of ischemic stroke (ICD-10: I63) and hemorrhagic stroke (ICD-10: I61-62) were extracted based on the discharge diagnosis. We calculated daily count of hospital admissions for each district.
The protocol of this study was approved by the School of Public Health, Capital Medical University Institutional Review Board (IRB00009511). Informed consent was not required because we used aggregated data. The patient information was anonymized and deidentified prior to analysis.
Statistical Analysis
A time-stratified case-crossover design was used to examine the association of short-term exposure to PM (PM 2.5 , PM 2.5-10 , and PM 10 ) with hospital admissions for ischemic and hemorrhagic stroke. The case period was defined as the day of hospital admission. Control periods were defined as the same days of the week in the same month of the same year in the same district as the case period. Three or 4 control periods for each case period were chosen. This design allowed for controlling of the effects of day of week, season, and slowly varying confounders.
Conditional logistic regression was used to perform the time-stratified case-crossover design. The statistical model was adjusted by temperature and relative humidity, given that these meteorological variables are reported to be associated with the risk of stroke. 21 We used natural cubic splines with 3 df to model the nonlinear effects of temperature and relative humidity on the concurrent day of hospital admission. 15 Because prior research has found that fewer strokes occur on holidays, 22 we controlled for public holidays using binary variable (coded as public holiday = 1 and no public holiday = 0) in the model.
We fitted the models with different lag structures from the current day (lag0) up to 3 lag days (lag3), and we used 2-day, 3-day, and 4-day moving averages of current day and previous 1, 2, and 3 days PM concentrations (lag0-1, lag0-2, and lag0-3, respectively) for our main analyses.
Stratified analyses were conducted to examine whether the association differed by age (>65 years and ≤65 years), sex (men and women), and temperature (greater than median and median or less). In both warm (greater median) and cold days (median or less), temperature in linear form and the interaction of temperature and PM in product form were adjusted in the model. We tested the statistical significance of subgroup differences through Z test. 23 Sensitivity analyses and multipollutant models were performed to check the robustness of the results. Degrees of freedom were changed for meteorological variables. We also used temperature and relative humidity lagged by up to 2 weeks to control the potentially lagged effects of meteorological variables. The 1-, 2-, and 3-pollutant models adjusting CO and NO 2 were fitted.
The association between PM and stroke admissions was assessed by adjusted odds ratio (OR) and 95% CI per IQR increase in PM concentration. The results were also expressed by percentage change in stroke admissions per IQR increase in PM concentration. We used the Akaike information criterion to determine the goodness of the model fit. The conditional logistic regression was performed by using the PHREG procedure in SAS statistical software Spearman correlation coefficients for correlation among the exposure variables are presented in Table 3 . PM 10 was highly correlated with PM 2.5 (correlation coefficient, r=0.81, P<0.001) and moderately correlated with PM 2.5-10 (r=0.56, P<0.001). Figure) . PM 10 was also positively associated with ischemic stroke on the previous day of hospital admission (1.06%, 95% CI 0.17-1.97). Meanwhile, both PM 2.5 and PM 10 were negatively associated with ischemic stroke admissions at lag2 (À1.26%, 95% CI À2.03% to À0.49%, and À1.12%, 95% CI À1.96% to À0.27%, respectively) and lag3 (À1.49%, 95% CI À2.26% to À0.71% and À1.53%, 95% CI À2.37% to À0.68%) day. For hemorrhagic stroke, no statistically significant associations were found in any lag structures. Stratified analyses showed that the associations with PM were not different between patients >65 years and ≤65 years old or between male and female patients, for both ischemic and hemorrhagic stroke (Tables 4 and 5) .
ORs for the associations with ischemic and hemorrhagic stroke admissions per IQR increase in PM concentration in different temperature levels are shown in Tables 6 and 7 . For both ischemic and hemorrhagic stroke, the associations with PM 2.5 , PM 2.5-10 and PM 10 were higher on warm days (>13.5°C) than on cold days (≤13.5°C) in all lag structures. Meanwhile, negative associations were observed with PM 2.5 at lag2, lag3, lag0-3 day, and with PM 10 at lag3 day. For hemorrhagic stroke, ORs were 1.056 (95% CI 1.024-1.089) and 1.045 (95% CI 1.013-1.079) for the same-day PM 2.5-10 and PM 10 , respectively. There were no statistically significant associations between hemorrhagic stroke admissions and PM 2.5 in cold days (≤13.5°C). Sensitivity analyses showed that changing the degrees of freedom and the lag days of temperature and relative humidity did not change the main findings (Table 8) . Two-and 3-pollutant models showed that adjustment for other copollutants had no obvious impact on the associations of PM with stroke admissions (Table 9 ). 
Discussion
This study found that PM 2.5 and PM 10 were positively associated with ischemic stroke during the whole study period on the concurrent day or previous day of hospital admissions, generally consistent with prior studies. 15, [24] [25] [26] There are numerous toxicological and epidemiological studies that support our findings. For example, exposure to PM was suggested to adversely affect vascular endothelial function, increase systemic inflammation and platelet activation, and decrease antioxidant enzyme activity. [27] [28] [29] [30] [31] These responses may increase blood clotting and thrombosis, impair vascular function and blood flow, and elevate blood pressure, which may ultimately cause stroke. 32, 33 Other studies have also reported nonsignificant trends for delayed effects of PM 2.5 and PM 10 on stroke. 15, [24] [25] [26] 34 In the present study, PM 2.5 and PM 10 were negatively associated with ischemic stroke admissions at lag2 and lag3 days, which can be explained by a displacement of hospital admissions or a harvesting effect. 35, 36 However, the phenomenon was not observed on warm days (>13.5°C) when stratified by temperature, indicating that the association may still have public health importance, especially on warm days (>13.5°C). There were no statistically significant associations of hemorrhagic stroke admissions with PM 2.5 , PM 2.5-10 , and PM 10 during the whole study period, consistent with most previous studies. 14, 15 In addition to the difference in the mechanisms between hemorrhagic and ischemic stroke, the fewer hospital admissions of hemorrhagic stroke, reflecting the lower incidence of this subtype, might result in wider CIs for the estimate. 37 Notably, when stratified by temperature, statistically significant and positive associations with PM 2.5 , PM 2.5-10 , and PM 10 were observed for both ischemic and hemorrhagic stroke on warm days (>13.5°C). Further studies are needed to explore whether the association truly varies with stroke subtype. In the present study, the positive associations of PM 2.5 , PM 2.5-10 , and PM 10 with hospital admissions for both ischemic and hemorrhagic stroke were higher on warm days (>13.5°C) than on cold days (≤13.5°C), as reported in prior studies of stroke admissions and cause-specific mortality in Taipei, 16 Tianjin, China, 17 and Edmonton, Canada. 18 Several explanations have been proposed to explain the higher associations on warm days. High temperature plays important roles in determining air pollution emission, transport, dilution, chemical transformation, and eventual deposition of the air pollutants. 38 In addition, Villeneuve et al reported that adults spent a greater portion of their time indoors during cold days with very low temperatures, 18 and that there will be more infiltration into homes as ventilation is different on warm days. Our results indicate that PM 2.5-10 was positively associated with hospital admissions for ischemic and hemorrhagic stroke when stratified by temperature, although there was no statistically significant association during the whole study period. Epidemiological studies have found positive associations of PM 2.5-10 with hospital admissions and mortality for cardiovascular disease, rather than for cerebrovascular disease. 1, 39 However, increasing stroke mortality at higher PM 2.5-10 concentrations was reported. 12, 13 Given the similarities in the pathophysiology of cardiovascular and cerebrovascular disease, it is plausible that PM 2.5-10 is also an important and modifiable risk factor of stroke. There are several strengths of this study. First, the medical record database for cardiovascular and 10 , particulate matter that is ≤10 lm in diameter; PM 2.5 , particulate matter that is ≤2.5 lm in diameter; PM 2.5-10 , particulate matter in the size range of >2.5 to ≤10 lm in diameter.
cerebrovascular disease contains all hospitals with the capability to diagnose and treat cardiovascular and cerebrovascular disease in Beijing. Thus, the results likely reflect the real effects of PM on the population in the study area. Second, district daily-level air pollutants and weather conditions were used in this study, which can provide better control of measurement error than use of data from 1 monitoring site. Third, whether the associations of stroke admissions with PM differed across particle size, stroke subtype, individual characteristics, and ambient temperature was examined. This is helpful to develop specific interventions for specific groups and specific days (eg, heatwave days with serious air pollution).
There are also several limitations of our study. First, the admission date may result in temporal misalignment between exposure and outcome, as the onset of stroke symptoms often began in the days before admission. Second, district-level concentration of PM rather than individual exposure was used as the exposure concentration. This exposure estimation method may lead to spatial misalignment and loss of precision. Third, the unknown sensitivity and specificity of administrative data to determine the occurrence of stroke were also important sources of bias in this study. These sources of bias can result in a marked bias toward the null and minimize the potential impact of PM on stroke incidence.
Conclusions
This study suggests that the associations of PM 2.5 , PM 2.5-10 , and PM 10 with stroke admissions differed across levels of temperature. Short-term exposure to PM 2.5 , PM 2.5-10 , and PM 10 was positively associated with hospital admissions for ischemic and hemorrhagic stroke on warm days (>13.5°C).
